The heat transfer enhancement of paraffin wax, a cheap and widely used latent heat thermal energy storage material, using nanoparticles is investigated. The effects of nanoparticle volume fraction on both the melting and solidification rates of paraffin wax are analysed and compared for Al 2 O 3 and CuO nanoparticles. Present results show that dispersing nanoparticles in smaller volumetric fractions increase the heat transfer rate. The enhancement in thermal performance of paraffin wax is greater for Al 2 O 3 compared with that for CuO nanoparticles. .
INTRODUCTION
Well designed energy storage systems not only reduce the mismatch between supply and demand but also improve the performance and reliability of energy systems and can play an important role in conserving energy. Thermal energy can be stored in the form of sensible heat and/or latent heat. Of the two, the latent heat thermal energy storage (LHTS) technique has proved to be a better engineering option due to its various advantages such as large energy storage for a given volume, uniform energy storage/supply, compactness, etc. LHTS units employ phase change materials (PCMs), which undergo phase change (solid-to-liquid and vice versa) during the energy transfer process. Numerous PCMs with their properties, advantages and limitations have been comprehensively reported in Refs. (Sharma and Sagara, 2005; Zalba et al., 2003; Kenisarin and Mahkamov, 2007) .
LHTS units have the potential to serve as promising energy storage devices due to high thermal energy density and isothermal heat transfer process. Nevertheless, the low heat flux achieved due to the low thermal conductivity of most phase change materials, which drastically affects the melting and solidification performance of the system, widespread use of latent heat stores has not yet been realised.
A larger heat flux can be achieved by enhancing the effective thermal conductivity. Different approaches have been proposed to overcome this problem: use of metal thin strips (Hoogendoorn and Bart, 1992) , thin walled rings (Velraj et al. 1999) , porous metals (Weaver and Viskanta, 1986) porous graphite (Tayeb, 1996) , metal foam matrix (Calmidi and Mahajan, 1999) and carbon fibers (Fukai et al. 2000 and are among the common techniques used to enhance the effective thermal conductivity of PCMs. The presence of the nanoparticles in the PCM increases significantly the effective thermal conductivity of the fluid and consequently enhances the heat transfer characteristics (Cabeza et al. , 2002; Mettawee, and Assassa, 2007; Khodadadi, and Hosseinizadeh, 2007; Zeng et al. 2007; Pincemin et al., 2008; Kim and Drzal, 2009; Ho and Gao, 2009 ).
In the present work, a numerical investigation is carried out to estimate the effect on thermal performance of paraffin wax due to the enhancement in thermal conductivity using alumina(Al 2 O 3 ) and copper oxide (CuO) nanoparticles. The effect of volumetric concentration of the nanoparticles on the melting and solidification performance is examined.
MODEL FORMULATION
The physical model consists of a rectangular channel (60 cm x 1 cm) carrying water as the heat transfer fluid (HTF), surrounded by a PCM channel (60 cm x 1 cm) both at the top and the bottom. Top half of the symmetrical physical model is shown in Fig.1 . Water, as it flows though the channel, exchanges heat with the upper and lower PCM along its flow path. The upper half can be considered as a rectangular enclosure heated from below, in which case the heat transfer is controlled by convection and conduction. But, there can be only conduction heat transfer in the case of the lower PCM as it being heated from above. In order to study the natural convection effect, in the present work, only the upper half is modeled for numerical analysis. During charging process, hot water flows from the left end to the right end of the inner tube and during the discharge mode the cold water flows from the left end to the right end (same as hot water flow direction). The outer walls of the PCM channel are well insulated. In the present work, paraffin wax and paraffin wax with Alumina (Al 2 O 3 ) and with Copper oxide (CuO) in different compositions varying from 1-5% (by volume) are used as PCMs and water is used as HTF respectively.
Assumptions made in the present study are: (a) top half of the 2-D model with natural convection is analysed, (b) flow of HTF through the2 thermophysical properties of PCM and HTF are temperature dependent and (g) volume change of PCM is negligible.
The mathematical model comprises two component, viz., water flows and PCM storage, which allows for conjugate heat transfer between carrier fluid (water) and PCM. During charging, the hot water flows through the channel, the heat is then transferred to the PCM to store the energy as latent heat (melt). While at discharging, cool water flows at the channel to take heat from PCM. Initially, the PCM at the molten state and then solidified once the heat is taken away. Note that the three-dimensional physical model is reduced to two-dimensional symmetry model to save computational cost. Since this work relates only to laminar flow, a precise numerical solution is adequate to simulate reality very closely. 
Governing equations

Heat transfer fluid (HTF)
In the HTF, fluid flow and convective heat transfer are taken into consideration. The conservation equations of mass, momentum and energy are given by (Kurnia et al. 2011a and Kurnia et al. 2011b) ( )
where the thermophysical properties of water were obtained as polynomial functions of temperature (Kurnia 2011a and Kurnia 2011b 
and the thermal conductivity of water is calculated from 
The specific heat of water is considered constant at p,w 4200 c =
For sake of brevity, we refer the reader to Nomenclature for symbols and notations
PCM storage
In the storage, fluid flow, heat transfer and phase change processes of PCM with nanoparticle are taken into consideration. The conservation of mass, momentum and energy are given by
where
In the above equations, we implement enthalpy-porosity formulation which is represented by additional source terms in momentum equation, mom S and accounted for latent heat of PCM in the enthalpy term of
where n-pcm h is the sensible heat, given by
The latent heat of nano-PCM suspension is estimated by ( )
Where L is the latent heat of PCM, np w is the mass fraction of nanoparticle, and β is the melted mass fraction of PCM, given by 
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Furthermore, the enthalpy-porosity formulation treats the mushy region (partially solidified) as a porous medium. The porosity in each cell is set to equal to the liquid fraction in the cell. In fully solidified region, the porosity is equal to zero, which extinguishes the velocities in this region. The source term due to the reduced porosity in the mushy zone is approximated by
where H is mushy zone constant.
Constitutive relations
Thermophysical properties of the nano-PCM are functions of concentration of nanoparticles, PCM and temperature, similar to our previous work (Sasmito et al. 2011) . The PCM considered in this study is paraffin wax; the density, ρ pcm , is given by (Kandasamy et al. 2008) ( )
The nano-PCM suspension density is defined as (Sasmito et al. 2011) ( )
where np f and np r is the volumetric fraction and density of nanoparticle, respectively. The specific heat of nano-PCM is assumed to be a weighted average of the PCM and nanoparticle, ( )
The PCM thermal conductivity is estimated by
The effective thermal conductivity of the nanoPCM, which includes the effects of particle size, particle volume fraction and temperature dependence as well as properties of the base PCM and the particle subject to Brownian motion, given by (Vajjha et al. 2010) ( ) ( )
Where np d is the nanoparticle diameter, k 1 is the Brownian motion constant, κ is the Boltzmann constant. The first part of Eq. (21) is derived from the Maxwell model while the second part accounts for Brownian motion, which causes the temperature dependence of the effective thermal conductivity. Note that there is a correction factor, β, in the Brownian motion term, since there should be no Brownian motion in the solid phase. Its value is defined to be the same as for liquid fraction, β, in equation (15). The empirical relation is used to account for Brownian motion, given by (Vajjha et al. 2010 )
The PCM viscosity is defined as
and the viscosity of nano-PCM is approximated by ( )
The nano-PCM mass fraction is given by
Initial and boundary conditions
The boundary conditions are prescribed as follows:  Inlet (I): At the inlet, we specify inlet velocity and inlet temperature
At the outlet, we set pressure and streamwise gradient of temperature to zero; the outlet velocity is not known a priori but needs to be iterated from the neighboring computational cells.
( )
 Symmetry (III): At the symmetry, we specify zero shear stress, no normal flow and no heat flux condition.
 Walls (IV): At walls, we set no slip and no heat flux condition.
At the interface, we specify no-slip condition for velocities and coupled temperature to allow for conjugate heat transfer.
The initial conditions are defined as follows:  Charging: During charging, we set initial temperature to be the same as ambient temperature.
Discharging: During discharging, the initial temperature is set to be equal to maximum temperature of hot water.
In this paper, a constant velocity of water at Re 1000 is prescribed at the inlet for comparison purposes. 
COMPUTATIONAL METHODOLOGY
The model for the numerical study ( Fig. 1 (b) ) was created using preprocessor software GAMBIT 2.3.16. Meshing of the numerical domain was generated and the boundary conditions applied at appropriate surfaces. The computational domain was resolved with a fine structured mesh near the wall to resolve the boundary layer and an increasingly coarser mesh in the rest of the domain in order to reduce the computational time. After grid independence test, 14000 and 15000 grid cells are selected, respectively, for the PCM zone and the HTF zone. The GAMBIT model is then exported to FLUENT for numerical solution.
The pressure-based method within version 6.3.26 of the commercial code FLUENT was utilized for solving the governing equations. User-defined functions (UDF) were written in C language to account for temperature-dependence of the thermo-physical properties of paraffin wax, nanoparticle and water. The time step for integrating the temporal derivatives was set to 0.01 s. The first-order upwind differencing scheme was used for solving the momentum and energy equations, whereas the PRESTO scheme was adopted for the pressure correction equation. The under-relaxation factors for the velocity components, pressure correction and thermal energy were 0.5, 0.3 and1 respectively. Convergence criteria were set at 10 −3 for continuity and momentum, and 10 −6 for thermal energy. An enthalpy-porosity technique is used in FLUENT for modelling the solidification/melting process. In this technique, the liquid melt fraction in each cell is computed every iteration, based on enthalpy balance. The mushy zone is the region where the porosity increases from 0 to 1 as the PCM melts. When the region is complete solid, the porosity is zero and also the flow velocity in that zone also drops to zero
RESULTS AND DISCUSSION
The numerical simulations were carried out for typical conditions found in PCM thermal energy storage. The base-case conditions together with the physical parameters are listed in Table 1 . In the following, we will examine the effect of nanoparticle suspended in the PCM with respect to the thermophysical properties and heat transfer rate at various volumetric nanoparticle concentrations during charging and discharging. Advantages and limitation is also discussed in the light of numerical results.
Thermo-physical properties
The computed dynamic viscosity and effective thermal conductivity of paraffin wax dispersed with 0%, 1%, 3%, 5% and 10 % by volume of nanoparticles both Al 2 O 3 and CuO (nanoPCM) using the above equations (Eqs. 21 and 25) are plotted as a function of temperature and volumetric concentration in Fig.2 and Fig.3 .
It is seen from Fig. 2 (a) and 3(a) that the thermal conductivity of nanoPCM is greater than the simple PCM. Hence, nanoPCM has higher heat transfer rate compared to the same mass of simple PCM. But, as shown in Fig. 2(b) and 3(b) , viscosity of nanoPCM increases with the increase in the volumetric concentration of nanoparticles. The increase in dynamic viscosity is greater for CuO nanoparticles compared with Al 2 O 3 nanoparticles in paraffin wax. The enhancement in the dynamic viscosity for the nanoPCM may play a key role in the natural convection dominated melting of nanoPCM.
The variation in thermal conductivity and dynamic viscosity of nanoPCM with temperature and volume fraction of Al 2 O 3 agree well with the experimental results reported in Ref. (Ho and Gao, 2009) . 
Heat transfer performance
The melting and solidification rate of nanoparticle enhanced paraffin wax is examined for various volumetric concentrations viz. 0%, 1%, 3% and 5% of Al 2 O 3 and CuO nanoparticles. The time evolution of melting of paraffin wax without and with nanoparticles is shown in Fig.  4 and Fig. 5 . It is expected that additional nanoparticle into paraffin wax enhances the heat transfer performance; this is indeed the case for low nanoparticle concentration of 1%, as can be inferred from Figs. 4 and 5. It is noted that the nanoPCM melts faster only marginally by 4.8% and 2.9% for 1% Al2O3 and CuO, respectively, compared to that for pure paraffin wax (Figs. 4 and 5) . This exemplifies the enhancement, albeit small, in the thermal conductivity of paraffin wax with Al 2 O 3 nanoparticle.
As the nanoparticle concentration increased, an adverse effect is seen: the time required for melting at higher nanoparticle concentration is longer than that for pure and low concentration (1%) of nano-PCM. This is attributed to the fact that nanoPCM viscosity increases significantly as nanoparticle concentration increased (Ho and Gao, 2009 ). The increase of dynamic viscosity for CuO nanoPCM is twice that for Al 2 O 3 nanoPCM (see Figs. 2b and 3b) . As the natural convection dominates the heat transfer rate in the melting process, higher the viscosity reduces the buoyancy more which, in turn, slower the melting process. We note that the melting rate for Al 2 O 3 is somewhat slower by around 1% and 3% for nanoparticle concentration of 3 and 5%, respectively. While the longer melting time is seen for CuO nanoparticle; notably that the melting time increases up to ~ 5% and 10% for CuO nanoparticle concentration of 3 and 5%, respectively. Closer inspection reveals that there is no significant difference on heat transfer rate at first 400 s since the heat transfer is controlled by conduction mode. Once more PCM melted, the dominant mechanism shifts to natural convection where the viscosity effect is greater. This is further mirrored by lower heat transfer rate for higher nanoparticle concentration due to viscosity increase at time higher than 400s (Fig. 5) .
A further point of interest in this study is the solidification process/discharging. In essence, conduction heat transfer controls the heat transfer rate during solidification. As thermal conductivity of PCM is considerably low (~ 0.12 to 0.21 W m -1 K -1 ), the time required for solidification is expected to be longer than that of melting process. Indeed, the computed results indicate that the overall time required for complete solidification is doubled than that for melting process (see Figs. 4 and 6) . The conduction heat transfer dominates the solidification process; whence adding nanoparticle enhances thermal conductivity, whilst increasing dynamic viscosity of suspension. Khodadadi and Hosseinizadeh (2007), albeit use water as PCM fluid and Copper nanoparticle in their simulation, found that the solidification time speeded-up by ~ 33% and 50% as they add 10% and 20% nanoparticle, respectively. In contrast, our computed results show that solidification rate for PCM only increases marginally with increase in volumetric composition of Al 2 O 3 ; and even decreases with increase in volumetric concentration of CuO nanoparticles in paraffin wax. It is observed that the solidification time only slightly expedites by up to 4% for additional 5% Al 2 O 3 nanoparticle, as can be seen in Fig. 6 , and slower by ~ 7% for additional 5% CuO nanoparticle (see Fig, 7 ). This can be attributed to the fact that present simulation considers all the thermophysical properties to be function of temperature and nanoparticle concentration; whereas Khodadadi and Hosseinizadeh (2007) used constant thermophysical. Also, they considered water as their PCM where thermal conductivity is assumed to be the same for both solid and liquid phase, while present simulation consider thermal conductivity as function of phase (liquid/solid), temperature and nanoparticle concentration. The constant thermophysical properties together with single thermal conductivity 6 assumption of water by Khodadadi and Hosseinizadeh (2007) may lead to over-predict the heat transfer performance of nanoPCM. From the foregoing analysis, it is found that 1% volumetric concentration of nanoparticle enhances the performance of paraffin wax compared to higher concentrations. It is also noted that enhancement is greater for Al 2 O 3 compared with CuO (see Table 2 ). It is due to the reasons that the increase in the dynamic viscosity of Al 2 O 3 nanoparticle is lower (Fig. 2b) than CuO nanoparticle (Fig. 3b) , which plays a key role in melting process. Moreover, the thermal conductivity of Al 2 O 3 is greater (Table 1) , which is important for the conduction dominated solidification process, compared to that of CuO.
Intuitively, adding larger amount of nanoparticle in the PCM enhances thermal conductivity; however, care has to be taken as it also increases the friction factor (viscosity), reduces the available latent heat of PCM and may reduce the stability of nanoPCM due to agglomeration and sedimentation. Thus, selecting a proper nanoparticle material and its concentration is essential to improve heat transfer performance of PCM in terms of both melting and solidification processes. 
CONCLUSION
In the present work, a numerical investigation is carried out to estimate the effect on thermal performance of paraffin wax due to the enhancement in thermal conductivity using alumina(Al 2 O 3 ) and copper oxide (CuO) nanoparticles.
The effect of volumetric concentration of the nanoparticles on the melting and solidification performance is examined and compared between the two nanoparticles. From the present study it has been confirmed that the thermal performance of paraffin wax is enhanced only marginally with the dispersion of Al 2 O 3 and CuO nanoparticles. The overall performance i.e. both melting and solidification processes of paraffin wax is better for lower concentration of nanoparticles. The benefit is greater for Al 2 O 3 compared to CuO due to the reasons that the increase in the dynamic viscosity with Al 2 O 3 is lower, which plays a key role in melting process and the thermal conductivity of Al 2 O 3 is greater, which is important for the conduction dominated solidification process, compared with that of CuO. Overall, however, the use of nanoparticles can enhance energy charge and discharge rates only nominally. It is unlikely that this will be economically justifiable for low cost storage especially as the stability of nanoPCMs subjected to a large number of melting/freezing cycles has not been investigated yet. 
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